In vitro cell culture offers the advantage that cells from different stages of transformation can be isolated for detailed studies. Therefore, in vitro systems are useful for measuring the parameters needed for biologically based dose-response modeling. An in vitro system that has been used widely to assess the carcinogenic potential of chemicals is the Syrian hamster embryo (SHE) cell transformation system (1, 2) . Three important advantages of the SHE cell transformation system are that the cells exhibit a low frequency of spontaneous transformation; they readily demonstrate neoplastic transformation upon treatment with chemical carcinogens (1); and there exists a large database (2-4) on the carcinogenic potentials of chemicals.
We chose the two-stage MoolgavkarVenzon-Knudson (MVK) model (5-7), which incorporates cell division, death, and mutation rates into the mechanistic description of malignant transformation, as the framework to describe the growth of SHE cells after exposure to chemical carcinogens. Cell division and death rates determine the population growth within each stage. Further, mutation likely occurs only at cell division.
The modified multistage carcinogenesis model for SHE cell neoplastic progression is shown in Figure 1 . Normal cells in culture cease proliferation after a limited number of cell divisions, a process called cellular senescence. Escaping from senescence to become immortalized is the first important step during carcinogenesis in SHE cells and in many other cell types. Chemical carcinogens will, at some frequency, induce mutations in normal SHE cells that allow them an unlimited life span in culture. However, some chemical carcinogens, depending on the exposure concentrations, may inhibit the growth of SHE cells and shorten their life span instead of inducing immortal cell lines. Upon continued treatment with carcinogens, immortalized SHE cells will subsequently acquire additional mutations, some of which will confer the next important phenotypesanchorage-independent growth and tumorigenic phenotypes. The verification of the conceptual model ( Figure 1 ) and its five phenotypic stages require experiments involving different chemicals because no single chemical provides experimental results for all five phenotypic stages.
Based on the conceptual model presented in Figure 1 , equations can be written to describe the time-dependent changes in the numbers of normal and senescent cells. We assume that the rate of change in the number of normal cells, dN(t)/dt, is proportional to the number of normal cells at any time: [1] In Equation 1, α and β represent the specific rates of cell division and death (units of reciprocal time) for normal cells, respectively, whereas γ is the specific rate at which normal cells convert to senescent cells (units of reciprocal time).
Similarly, the rate of change in the immortal cells, dI(t)/dt, has the same exponential growth property (with α i and β i being the specific rate of cell division and death, respectively), but there is also input of mutated normal cells: [2] The mutation rate, µ, is defined as the probability that a normal cell will divide into one normal cell and one immortal cell (immortality/cell division). The product of the mutation rate µ, the division rate α, and the number of normal cells describe the rate of change of the immortal cells caused by mutation.
The rate of change in the number of senescent cells, dS(t)/dt, is proportional to the specific senescence rate, γ, and the number of normal cells, because all senescent cells arise from normal cells:
The goal of this work was to determine the rates of SHE cell division, death, senescence, and immortalization after exposure to arsenic, a known human carcinogen, and to evaluate the first stages of the modified multistage carcinogenesis model ( Figure 1 ) for their ability to describe SHE cell growth dynamics. To obtain model predictions, we first determined values of the mutation rate µ, the division rate α, the death rate β, and the senescence rate γ by analyzing experimental data; we then used these values to simulate cell growth and senescence during four passages after exposure to a range of arsenic concentrations.
The justification for the modeling approach integrated with experimental verification is 3-fold: a) to work toward predictive capability, particularly when our conceptual model has been verified for all the phenotypic stages by a working set of chemicals; b) to incorporate more biologically relevant stages into the MVK model such that chemicals with carcinogenic activities at early or later stages may be identified and predicted on the basis of focused experiments using the SHE cell system; and c) to expand the SHE cell system to a more versatile short-term assay for carcinogenic potential of chemicals by integrating with computer modeling.
Materials and Methods
Cell culture. Golden Syrian hamsters (Charles Rivers Laboratories, Kingston, NY) at gestation day 13 were the sources of the primary embryo cells. The methods of establishing normal SHE cells were previously described by LeBoeuf et al. (8, 9 Cell division rate measurement. We measured cell division rates using bromodeoxyuridine (BrdU; Sigma Chemical) incorporation with PI staining (Sigma Chemical), which allows calculation of potential doubling time (T pot ), a measure of cell cycle time that takes growth fraction but not cell loss into account (10, 11) . The relationship between T pot and cell division rate (α) was defined as [4] We measured potential doubling times with flow cytometry by pulse-labeling cells with BrdU and detecting its incorporation into DNA by the use of fluorescent antibodies. The cells were then counterstained by PI to measure the total DNA content.
The concept of potential doubling time was proposed by Steel (10) . The calculation of potential doubling times using flow cytometric analysis results was later developed by Begg et al. (12) . Briefly, the T pot can be calculated as [5] where T s is the period of DNA synthesis, LI (labeling index) is the fraction of cells synthesizing DNA, and λ is a correction factor for the nonlinear distribution of cells through the cell cycle (10, 11) . The labeling index is equal to the fraction of cells labeled by BrdU. We estimated the period of DNA synthesis (T s ) from the bivariate histogram of BrdU incorporation versus DNA content obtained by flow cytometry and the method of relative movement reported by Begg et al. (12) .
The method for preparing BrdU-labeled cells was modified from Larsen (13) . of 10 µg/mL of PI combined with 1 mg/mL of RNase (Sigma Chemical) was added to stain the DNA. For division rate measurement, a gate on peak versus integral fluorescence of the PI signal was set to eliminate clumped cells. We analyzed 30,000 gated cells by flow cytometry for each sample.
Cell death rate measurement. We measured cell death rates in a time course study using a flow cytometric method based on PI staining specifically related to membrane damage. PI is taken up by dead cells only through the damaged membrane and is excluded by live cells (14) . By setting a gate on forward angle light scatter (FALS), which is an indicator of cell size, we could partially exclude debris and clumps from flow cytometric measurement.
SHE cells were plated in parallel at 4 × 10 4 cells per dish. Samples were harvested at 72, 96, and 120 hr after plating. After all cells were collected, they were centrifuged and resuspended in 1 mL of 50 µg/mL PI and incubated at room temperature for 5 min; then 2 × 10 4 cells were analyzed by flow cytometry for each sample. Cells gated on FALS were examined on the basis of their uptake of PI, and the fraction of dead cells in the sample was obtained from these measurements.
Computer and software packages. The simulation programs were written in MAT-LAB (The MathWorks Inc., Natick, MA) and ACSL Tox (ACSL, Advanced Continuous Simulation Language; AEgis Technologies Group, Inc., Huntsville, AL) software packages and run on a Gateway P5-200 personal computer (Gateway, Inc., San Diego, CA). We used the Nelder-Mead simplex method to optimize model parameters.
Results
Estimation of mutation rates, µ. To estimate the mutation rate, we had first to determine the life span of SHE cells. SHE cells exposed to arsenic at 5.4 µM grew for only 16 population doublings before becoming senescent ( Figure 2 ). The senescent cells were clearly distinct from normal cells in their morphology (cytoplasmic spreading) and very low culture growth rate. Furthermore, these cells were not dead; they remained attached and had intact membranes (as determined by Trypan Blue staining; data not shown). SHE cells exposed to lower concentrations (0.5, 1.0, or 2.0 µM) of arsenic grew for more than 30 population doublings and did not show significant differences in growth from control cells. We observed a similar lack of effect when SHE cells were exposed to chromium (3.6 µM) or lead (100 µM) (15) .
We observed no cell immortalization under these arsenic exposure conditions, and thus the mutation rate, µ, was equal to the spontaneous immortalization rate of SHE cells. Bols et al. (16) reported that the spontaneous immortalization rate for SHE cells was calculated to be 6.1 × 10 -10 /cell/generation as summarized from literature data. To be consistent with the units used in the model, the spontaneous immortalization rate was converted to 8.8 × 10 -10 immortality/(cell division). This value is apparently an overestimate for our cell culture conditions because it suggests that cell immortalization should have been observed. Nevertheless, we used 8.8 × 10 -10 immortality/(cell division) as the value of the mutation rate µ in the model. Estimation of division rates, α. We used the potential doubling time (T pot ), determined by a flow cytometric method, to estimate the cell division rate, α (Equation 4). We observed in normal cells that T pot was a function of time after each passaging of the cells (Figure 3 ). This effect was presumed to be a result of cell "crowding" on the petri dishes. Each passage began with the plating of 4 × 10 4 cells on each 60-mm petri dish. We observed low T pot values (high cell division rates) while the cell density was low ( Figure 4 ). As the cell density increased, longer T pot values (low cell division rates) were measured, apparently due to decreased space for cells to grow ( Figure 5 ). The result that the cell division rate is a function of "crowding" can be explained by the phenomenon of "density-dependent inhibition of cell division," which postulates that normal cells in culture stop dividing when a confluent monolayer is formed (17) . Furthermore, a reduction of cell growth rates was detected when membrane contact occurred in a study conducted by video time-lapse microscopy in newborn rat dorsal root ganglion cells (18) .
To incorporate the T pot values measured into the model as the cell division rate, we used a nonlinear regression calculated by SigmaPlot to predict the relationship between T pot (hour) and time after cells were passaged (hour), [6] This regression had a standard error of the estimate equal to 1.75 hr.
As cells approached senescence, they grew much more slowly than the normal cells ( Figure 6 ). We observed T pot values as high as 429 hr because only 2.3% of the cells were growing (LI = 0.023). The crowding factor did not play a major role in this case.
Estimation of death rates, β. The cell death rate (β) was constant within each passage and was defined as the value that provided the best fit of the following two equations to the experimental data for normal (N) and dead (D) cells: [7] [8]
A computer program was written in MAT-LAB to perform the linear regression required to obtain the death rate, β. The regression was achieved by using the NelderMead simplex method to minimize objective function, [9] where ω is the heteroscedasticity parameter. In this optimization, we used ω = 2 to represent relative weighting.
We calculated the mean cell death rate as 2.95 × 10 -4 ± 0.64 × 10 -4 (hr -1 ). This is approximately 1% of the average value of the 
Measured values
Result of nonlinear regression division rates. We observed no significant differences between the cell death rates of control and arsenic-treated cell lines. Estimation of senescence rates, γ. The potential doubling times measured from the third and fourth passages of cells exposed to 5.4 µM of arsenic were much longer than those from the normal cells. From visual observation of the cells, we hypothesized that the increased potential doubling times of cells in these passages were caused by the increased fraction of senescent cells. In the following three sections, we first demonstrate the validity of this hypothesis, which also explains that cells exposed to 5.4 µM arsenic were becoming senescent during the third and fourth passages. Next, we derive the relationship between the senescence rate, γ, and the increased potential doubling time. Finally, we calculated the senescence rates by the potential doubling times measured from cells in the process of becoming senescent.
Demonstration of senescent cells causing the increases of potential doubling times. In a population containing both normal and senescent cells, the measured potential doubling times were affected by not only the "crowding" of cells on the petri dish, but also by the fraction of senescent cells. Thus, the more senescent cells in the population, the longer the T pot . We determined the impact of the senescent cell populations on the T pot values by normalizing the T pot values by those measured at the third day after the cells were passaged (Figure 7) . on a comparable scale. The standard curve represents the change of T pot values caused only by the effect of crowding on normal cells (normalized from Equation 6) . In all samples shown in Figure 7 , T pot values were measured only on the third and fifth days after cell passage.
The changes of the normalized T pot values in control cells and cells exposed to the three lower concentrations of arsenic all followed the same pattern as standard curve, which suggests that their T pot values were affected only by cell densities and not by senescence. For cells exposed to 5.4 µM arsenic, the normalized T pot values increased 1.8-and 1.9-fold during the third and fourth passages over two days, but with only slight increases in the cell numbers. In contrast, the normalized T pot values of the standard curve did not increase significantly with the same change in cell number. These results support the hypothesis that the senescent cells in the population lowered the labeling index and in turn caused the decreased growth rate of the whole population, i.e., the increased T pot values. We can also conclude that cells exposed to 5.4 µM of arsenic were becoming senescent during the third and fourth passages.
The relationship between senescent cell numbers and potential doubling times. Because it is difficult to separate senescent cells from normal cells, we calculated the senescent cell numbers from the relationship between the measured potential doubling times and total cell numbers. The relationship is based on the phenomenon that the presence of senescent cells causes the decreased growth rate of the population. To distinguish the cell division rates measured in different populations, Equation 1 can be rewritten as [10] The normal cell division rate (α normal ) is the true cell division rate of normal cells, distinguished from the overall division rates that were actually measured at the third and fourth passages of the cells exposed to 5.4 µM of arsenic, α mix , which is the division rate of a mixed population of normal and senescent cells. The relationship between α normal and α mix can be derived by first summing Equations 3 and 10: [11] Because α mix reflected the growth of the mixed population, which included the growing normal cells and nongrowing senescent cells, Equation 11 was rewritten as [12] Combining Equations 11 and 12, the fraction of normal cells in the mixed population was calculated as [13] Using Equation 4, this can be rewritten as [14] where T pot , normal is the potential doubling time for normal cells and T pot, mix is the potential doubling time for a cell population containing normal and senescent cells. The ratio of senescent cells (S) to total cells (N+S) was then calculated by Equation 14 .
Calculation of senescence rates. We estimated the senescence rates (γ) by optimizing the model fit to the estimated number of senescent cells (Equation 3) and normal cells (Equation 10). The predicted numbers of senescent cells were verified compared to values calculated from Equation 14 (based on experimental data), whereas the summation of predicted normal and senescent cells were verified by the data calculated from Equation 12. The crowding factor correction for the third and fourth passage of 5.4 µM-treated cells had to be modified because the senescent cells occupied much larger areas on the petri plates than did normal cells. By using the Nelder-Mead simplex method in an ACSL program, we optimized the numeric values of the correction factor and the senescence rates simultaneously to provide the best fit of the prediction of total and senescent cell numbers to the experimental data. The modified correction factor to the division rates of
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pot, mix the normal cells was determined to be 0.37. The senescence rates were estimated as 0.0101 hr -1 for the third passage and 0.0175 hr -1 for the fourth passage with the corrected normal cell division rates. All the model parameters are summarized in Table 1 .
Discussion
Effects of arsenic exposure. In these experiments, exposure to 5.4 µM arsenic led to senescence rather than immortalization. Although arsenic is a known human carcinogen (19) , little evidence has been found for its carcinogenicity in animal models (20) . However, Ng et al. (21) recently reported that tumors were observed in C57Bl/6J and metallothionein knock-out transgenic mice given sodium arsenate (500 µg As/L ad libitum) in drinking water for up to 26 months. Malignant tumors were also produced in Nude mice inoculated with a rat liver epithelial cell line (TRL 1215) after continuous in vitro exposure to sodium arsenite (0.125, 0.250, and 0.500 µM) for 18 weeks (22) .
Cellular senescence induced by arsenic has not been previously reported. However, arsenic induced mitotic inhibition in Chinese hamster ovary cells (23) , and induction of cellular senescence has also been reported with exposure to radiation (24) . Furthermore, arsenic at certain concentrations caused inhibition, in vivo, of the promotion of preneoplastic lesions in rats (25) and decreased tumor incidence in mice (26) , although the processes underlying these effects remain unknown. Mechanisms involved in the induction of cellular senescence by arsenic in vitro may be related to the effects observed in vivo.
Model prediction of the growth and senescence of SHE cells. To model SHE cell dynamics following lower arsenic exposures, we incorporated values of the experimentally determined cell division and death rates into Equation 1 as the basis for a model that we used to predict the total cell number. For this purpose, γ was taken to be zero-i.e., senescence was not considered. The model incorporated a lag phase, where the cell numbers remains unchanged; this is necessary to reflect the growth characteristics immediately after replating the cells. During this period, we observed little or no growth possibly because the cells adapted in a newly created cell culture environment. The model also included the observation that the growth rate slowed as the cell density increased (Figure 3) . Thus, in the model prediction (Figure 8 ), there is a lag phase at the beginning of each passage, followed by a rapidly growing phase with low cell density. At higher density, cells grew at a lower rate. Cells were passaged weekly and another lag phase started at this point. The value of lag time (t lag ; 41.9 hr) was optimized using the Nelder-Mead simplex method in an MAT-LAB program based on experimental data.
The model prediction describes the growth of control cells and cells exposed to low arsenic concentrations well. The results in Figure 8 indicate that there was no significant difference in growth between control cells and the cell lines treated with three lower concentrations of arsenic, 0.5, 1.0, and 2.0 µM. The cell numbers in these four treatments all fell in the area represented by the uncertainty of the model, and agreed with the assumption that cells did not undergo senescence with these experimental conditions. The uncertainty of the model was estimated based on the T pot standard error (1.75 hr). On the other hand, SHE cells exposed to 5.4 µM arsenic grew much more slowly in the third and fourth passages. This cell line stopped growing at the fourth passage. Clearly, senescence was an important factor in the growth of the SHE cell population and the inclusion of senescence rates was required. With senescence rates applied to the model, the total number of cells (sum of normal and senescent cells) were well predicted for cells in the process of becoming senescent, i.e., cells exposed to 5.4 µM arsenic at the third and fourth passages. (Figure 8 ).
With use of the estimated senescence rates, the numbers of normal and senescent cells separately were also predicted for cells becoming senescent (Figure 9 ). The simulation for senescent cells, though in agreement with the trend of the senescent cell numbers estimated from Equation 14, does not provide a good quantitative prediction. To improve further the estimation of senescence rates, an accurate method for monitoring the appearance of senescent cells is required. Abbreviations: NS, total number of cells in a 60-mm petri dish; tp, time after passage (hours). α, β, and γ were determined experimentally; µ is taken from the literature. Because division rates were influenced by the density of cells on a plate, equations are required to represent α at different points in a cell passage. Crowding factor Control 0.5 µM As 1.0 µM As 2.0 µM As 5.4 µM As at 3rd passage 5. 
Conclusions
Arsenic exposure has rarely been shown to be carcinogenic in animal models. On the other hand, our in vitro experiments demonstrated that exposure to arsenic induced senescence in SHE cells. A possible link between these observations is the hypothesis that mechanisms responsible for arsenic-induced senescence may be involved in the apparent inability of arsenic to induce neoplasia in experimental animals. In combination with an appropriate human in vitro system, the SHE cell system could serve as a tool for comparing differences in carcinogenic mechanisms of arsenic between laboratory animals and humans.
The biologically based dose-response model developed here successfully predicted the growth of normal and arsenic-treated SHE cells. Independent measurements of cell division and death rates, determined using flow cytometry, could be incorporated in the model to provide predictions that were consistent with the experimental data. The flow cytometric methods used here can be applied easily to other cell lines for modeling purposes.
This model of normal and senescent cell dynamics can be used for exposure to other chemicals and for other cell lines. Its development is the first phase of our overall goal of integrating cellular and mechanistic studies with computer modeling to develop a predictive tool for assessing carcinogenic potentials of chemical and chemical mixtures. Work in progress includes the addition of three more stages of neoplastic progression in this cell model-immortal, anchorage-independent growth and tumorigenic-as well as the related experimental and computer modeling studies.
